ABSTRACT: The embryonic development of the deposit-feeding Baltic amphipod Monoporeia affjnis (Lindstrom) was studied from fertilization to hatching. Severe types of aberrant embryonic development are described and the normal variation of the aberrations is estimated. Between 2 and 6% malformed, 0 and 5 % undifferentiated and 0 and 6% dead eggs and embryos were observed at different sites in the coastal area of the northern Baltic proper and the Bothnian Sea without local contaminant &scharges. The embryonic development of M. affinis was described to facilitate the use of the embryo variables in field studies of sediment toxicity. The merits of the different embryo variables as biomarkers in effect monitoring were evaluated. Gravid females were sampled in the receiving waters of 2 different types of pulp mills and an aluminum smeltery. Fecundity (eggs per female) and frequency of malformed, enlarged, undifferentiated and dead embryos per female were determined. Frequency of malformed embryos was higher at industrially affected stations as compared to reference areas (p < 0.0001, p < 0.0001 and p = 0.003 respectively). The highest frequencies (15.3%) were recorded close to the alurninum smeltery. In reference areas the frequency vaned between 1.5 and 4.9. The number of enlarged embryos with oedema was higher near the pulp m d s (p = 0.03, p > 0.0001), particularly the pulp mill with a bleaching stage, where 25 to 40% embryos per female were affected. Background frequencies of enlarged embryos (0.7 to 3.5%) were observed outside the alurninum smeltery. UnMferentiated eggs and dead eggs did not correlate to the exposure situation, suggesting these variables are of lunited value in effect monitoring of xenobiotics. The frequency of malformed embryos was increased also when fecundity, reproduction success and developmental stage of embryos were unaffected. Thus, the variable is suggested to be particularly toxicant-sensitive and by analysing the number of malformed embryos of M. affinis an early warning of affected populations could be provided.
INTRODUCTION
Soft sediments dominate and represent an important component of the Baltic ecosystem in the recycling of nutrients and toxic substances. Due to physical adsorption and chemical bonds a high proportion of pollutants become highly enriched in sediments compared to the overlying water (Forstner 1987) . Once impacted, sediments may remain contaminated for years, with long-lasting or chronic contamination of the benthos (Giere 1993 ).
Deposit-feeding invertebrates are often exposed to 2 sources of contamination: ingestion of contaminated particles and accumulation from the interstitial water (Moore et al. 1979 , Landrum & Robbins 1990 ). Sediment-living benthos are thus included in the monitoring programmes of industries bordering the Baltic, and during the 1970s and 1980s a reduction in abundance and biomass was generally considered to be caused by toxic pollutants. These variables are sensitive to a wide variety of environmental conditions because organisms integrate the effects of summed influences, like predation, competition and pollution. However, the community variables often fail to distinguish between the different influences. The value of using them to assess pollutant damage depends on the ability to distinguish monitoring effects of contaminated sediments, the labnatural changes from those induced by the pollutant. In oratory results must be validated in situ. Further, to the receiving waters of many pulp mills, where organic distinguish the effects caused by pollutants, the normal enrichment accompanies toxic substances, both abunvariation for the aberrations should be estimated. dance and biomass were shown to increase (Pearson 1975 , Sundelin 1989 , Holton et al. 1993 , partly depending on growth-stimulating properties of the bleached MATERIAL AND METHODS kraft mill effluents (BKME), which means that stimulatory effects might confound inhibitory effects, such as Embryonic development of Monoporeia affinis. To effects on reproduction (Sundelin 1988 (Sundelin , 1989 .
describe the mating and embryonic development of M. Due to the low sensitivity of community variables affinis, data from laboratory experiments and surveys when monitoring the effect of pollutants, ecosystem in contaminated recipients were used (for detailed effects could arise before we have identified the daminformation, see Elmgren et al. 1983 , Sundelin 1983 , age. Thus, there is an urgent need for sensitive early 1989 , 1992 . To follow the embrywarning biomarkers with a low response to natural onic development in detail, live M. affinis were colclimate variables in effect monitoring of the benthic lected with a benthic sled in October from 30 to 40 m ecosystem (Davis 1993) . In the northern Baltic proper depth near the Asko Laboratory, a field station of and the Gulf of Bothnia with 3 dominating macrofauna Stockholm University in the Baltic proper (Blomqvist & species the need is even more obvious. since the low Lundgren 1996). Fifty amphipods (25 males + 25 fediversity of macrofauna implies difficulties in interpremales) were added to 10 replicates of soft bottom tation of diversity measurements. microcosms according to Sundelin (1983) , about 1 mo The general susceptibility of sediment-living amphibefore mating in November and the embryogenesis pods to pollutants (Conlan 1994, Coyle & Highsmith was followed until hatching in February. 1994) has contributed to our special interest in the To estimate the normal variation of the different Baltic deposit-feeding amphipod Monoporeia affinis embryonic aberrations we examined gravid females of (Lindstrom) Lindstrom 1992 , Leonardsson 1994 but embryo analysis the living females were examined despite good knowledge of the reproduction cycle for fertilization success and fecundity (eggs female-'). (Segerstrble 1967 , 1970 , 1971 , Steele & Steele 1986 Eggs and embryos were analysed using a stereomicrothere are no investigations reported of the mating and scope for stage of embryo development, different types embryonic development.
of malformed embryos, which have been proved not Fifteen years of ecotoxicological studies in soft-botto survive hatching, enlarged embryos with no other tom microcosms have demonstrated toxicant-sensitive visible damage, undeveloped/unfertilized (henceforth variables in the embryonic development of Monoporcalled undifferentiated) and dead eggs. To minimize eia affinis. When exposed to heavy metals, chlorinated the risk of a subjective assessment 50 broods were inorganic compounds, pulp mill effluents or contamidependently analysed by 2 persons to check the agreenated sediments, the frequency of malformed embryos ment of the estimation. increased significantly as compared to control microEmbryo variables in pollution monitoring. Znvesticosms (Sundelin 1983 , 1989 gation areas: To test the sensitivity of the different 1996). The effect also arose in low concentrations that embryo variables in pollution monitoring, gravid fedid not demonstrably affect the reproduction success, males of Monoporeia affinis were sampled in the vicinfecundity and rate of embryo development, indicating ity of different types of industries. Two recipient areas that embryogenesis is even more sensitive than other outside pulp mills on the Swedish coast of the Bothnian variables of the reproduction cycle. The microcosm Sea (industry A) and the Bothnian Bay (industry B) develops in good accordance with the parent system were surveyed in 1991 and 1996 respectively and a in situ, suggesting the results are relevant to natural recipient area outside an alurninum smeltery (industry conditions (Sundelin 1989 , Sundelin & Elmgren 1991 . C) on the coast of the Bothnian Sea was investigated in However, before the embryo variables can be used for 1994.
Industry A: a kraft pulp mill, producing ECF (elemental chlorine free)-bleached sulphate pulp, is situated south of Hudiksvall. Six stations in a pollution gradient and 2 reference stations 40 km north of the recipient were included (Fig. l A , Table 1 ). There are no other known local discharges of pollutants. The reference stations were located within the single uncontaminated area within a distance of 100 km north and south of the mill, with sediment characteristics matching those of stations in the recipient area. Presence of specific markers of bleaching effluents, e.g. chlorinated guaiacols, was negatively correlated to the distance from the pulp mill and is further descnbed by . Depth varied between 25 and 60 m ( Table 1) .
Industry B: 2 kraft pulp mills, B1 and BII, are located near Piteb. Both mills produce kraft liner, consisting of unbleached sulphate pulp, unbleached recycled fiber pulp and to a minor extent TCF (total chlorine free)-bleached sulphate pulp. In the recipient of mill BI, there are no other known discharges, while the receiving waters of m111 B11 are possibly influenced by municipal waste waters from Pite5 and an oil port, suggesting a more complex pollutant situation. Therefore, station locations were mainly selected relative to pulp mill BI. Three stations within the recipient area of mill B1 (a fourth recipient station B? was selected because of its location relative to pulp mill BII) and 3 stations north and 3 stations south of the recipient area were included (Fig. 1B) . All stations in the study are shallow and depth vanes between 5 and 12 m with the exception of Stn B9, with a depth of 60 nl ( Table 1 ). Industry C: the third investigation was performed in the bay of Sundsvall outside an aluminum smeltery. High emissions of polycyclic aromatic hydrocarbons (PAHs) (Naf et al. 1992 ) resulted in very high concentrations of PAHs in settling particulate matter, bottom sedirnents and the bivalve Macoma balthica (L.) near the smeltery (Naf et al. 1994) . In addition to the PAH discharges, the area is possibly influenced by pulp and paper mills north and a chemical industry south of the smeltery. Three stations in an expected southward pollution gradient of the aluminum smeltery, 1 station (Table 1 ). The stenotherm coldwater amphipods were transported alive at 4°C to the laboratory, and sediment and 150 gravid females from each sampling station in survey B were transferred to flowthrough microcosms (Sundelin 1983 ) until the embryo analysis at the end of January.
RESULTS

Mating and embryonic development
Normal development
Before mating, the female oocytes are separated into easily distinguished eggs ( Fig. 2A, B) . A pair of spermatophores are visible in the anterior part of the male body ( Fig. 2E, F) . No precopulatory stage was observed. Empty sperm sacs were found in brood pouches containing recently fertilized eggs, suggesting males deposit sperm in the marsupium of recently moulted females, whereupon ova are liberated and extruded into the brood pouch where fertilization takes place.
The unfertilized eggs are full of oil droplets and vary in colour from bright yellow to orange or brown-red. In the several thousand examined females, the eggs of each brood were almost without exception of the same colour and at the same stage of development. Nine developmental stages were distinguished ( Table 2) . The first 2 cleavage divisions are total (Fig. 3A) , resulting in 4 cells, 2 smaller than the others. The next division results in 4 small micromeres lying upon 4 larger macromeres (Fig. 3B) . The unpigmented and yolkfree rnicromeres give rise to a ventral germinal disc. The rnicromeres extend over the egg surface and surround the lipid-rich yolk cells, derived from the macrorneres (Fig. 3D ). Egg size is unchanged until the blastula stage ( Fig. 3D , E) after which gastrulation occurs, the outer egg membrane bursts and the embryo is allowed to increase in size. Somites of the antennulary, mandibulary and maxdlary segments appear and a ventral groove, the caudal furrow, which separates the developing cephalothorax and abdomen, becomes apparent ( Fig. 3F ) and the characteristic comma-like shape of the embryo develops ( Fig. 3G-I ). The mid-gut extends backwards, containing large multinucleate pigmented yolk cells (Fig. 31, J) . Paired budlike appendages develop (Fig. 35, K) and the head region with the clublike antenna can be recognized (Fig. 3J-L) . The head region appears distinctly, the first and second antenna Table 2 The blastula stage. The small rmcromeres dlvide more rapidly than the macromeres, resulting in a ventral non-pigmented germinal disc, which extends over the surface of the egg, enclosing the yolk cells, constituting the blastoderm. See Fig. 3D . Embryonic development until gastrulation takes about 1 mo 4
Gastrulation starts from the posterior region of the germinal disc. Ventrally gastrulation proceeds by the proliferation of cells inwardly to form the embryomc mesoderm and endoderm. At this stage the outer egg membrane bursts and the developing embryo is allowed to increase in size. Later a narrow groove is formed whlch develops into the caudal furrow; see have grown considerably and the pigment of the eyespot is discernable (Fig. 3M) . Later, the compound eye is clearly visible and the amphipod is fully formed before hatching (Fig. 3N ). Peristalsis begins in the midgut and the limbs and body move. Spasmodic contractions of the body cuticle and movement of the limbs cause rupture of the embryo membrane and the juvenile (Fig. 3 0 ) is liberated. The yolk remains for about Table 2 and text 3 to 4 wk after hatching and it is probable that juveniles stay within the marsupium until the yolk is consumed. The whole embryogenesis takes about 3.5 mo for the majority of females at investigated stations (32 to 40 m depth) in the Baltic proper and the Baltic Sea (55 to 140 m depth), which means that most females have released their juveniles at the end of March as a temporal adaptation to the phytoplankton spring bloom. Once the brood is released, the female does not survive for long. Disturbed embryonic development (1994 to 1997) in the Baltic proper and the Bothnian Sea, where gravid females of Monoporeia affinis were sampled in the beginning of February, showed a frequency of 2 to 6 % malformed embryos, 0 to 5 % undifferentiated and 0 to 6 % dead eggs.
About 96% of embryos sampled at the reference sites showed a normal development, but there are some which did not develop normally. Results from 4 yr to the industries and decreased to between 1.5 and 4 . 9 % with a mean of 3.0% in reference areas. The highest frequencies of malformations were observed near industry C, the aluminum smeltery, where a frequency of 15.3% was observed at Stn C6, 0.7 km from the smeltery (Fig. 6 ). High frequencies of malformations were also observed in survey B close to
Malformed embryos
The frequency of malformed embryos per female (Fig. 6 ) decreased with increasing distance from the Distance (km) the pulp mills: 9.3 to 11.4 % at stations located 1 to 3.8 km from the pulp mills B1 and B11 and 4.6 to 8.3% at stations located 9 to 17 km from the pulp mill A (Fig. 6) . Stns B2 and B3, situated 10 km north of the pulp mill, differed neither from recipient stations nor from more distant southwards reference stations. The lowest frequencies were observed at the most distant northern references (Fig. 6 ) with the lowest expected influence from industrial effluents, possibly reflecting the main southward water current in the Baltic. Background levels of malformations were found at distances of 20 to 25 km from the different industries.
Enlarged embryos with oedema
Enlarged embryos with oedema were more frequent at the pulp mill stations in the Bothnian Sea (p < 0.05) and the Bothnian Bay ( p < 0.0001) as compared to the reference stations (Fig. 7) . The embryos were more or less enlarged, possibly because of changed permeability of membranes, which could have resulted in water transport through the egg membrane. Embryos were not tightly attached to the membrane and seemed to have partly lost contact with the egg membranes (Fig. 4N, 0) . Further, these embryos were fragile and burst easily. Since the enlarged embryos did not result in decreased juvenile hatching and survival we de-
Distance (km) cided not to classify them as malformed. In the recipient of pulp mill A, including a bleaching stage, 23 to 40% enlarged embryos per female were observed, while lower frequencies (1.1 to 12 %) were observed in the receiving waters of pulp mill B, suggesting that the effluents were responsible for this aberration. H o w ever a low frequency (1.1%) was observed at Stn B5, 0.7 km from pulp mill BI, indicating a weaker relationship to the exposure (Fig. 7 ) . Background levels of 0.7 to 3.5 % were observed outside the alurninum smeltery.
Undifferentiated and dead embryos
Undifferentiated and dead embryos per female did not differ between recipient and reference stations in surveys A and B, while a high frequency of undifferentiated eggs at 1 recipient station and higher frequencies of dead eggs at reference sites of survey C were recorded (Figs. 5B-G & 7 ) , suggesting that this damage arose independently of the industrial effluents. Normal background levels of undifferentiated and dead eggs were found in surveys A and C . Survey B in the Bothnian Bay showed normal frequencies of dead embryos (0.3 to 1.8 %) with the exception of a single station, B4, located 1 km away from pulp mill BI, with a frequency of 10.1 %. Frequencies of undifferentiated embryos were overall comparatively high in survey B as compared to surveys A and C (Figs. 5H-L & 7) and background levels. Fecundity Fecundity (eggs per female) was affected differently in the 3 recipients (Fig. 8 ) . Higher fecundity at stations near the mill resulted in a negative correlation between fecundity and distance from pulp mill A (p < 0.0001). Females sampled close to the mill (Stns A3, A4, A5) carried about 30 to 40 eggs, as compared to about 20 eggs per female at reference stations (Fig. 8 ) . Females were generally larger at the near-mill stations and since fecundity is closely correlated to size (Cederwall 1977 , Eeonardsson et al. 1988 , it is suggested that substances in the BKME stimulated their growth. No correlation between fecundity and distance was observed in the recipient of pulp mills B1 and BII, producing mainly unbleached pulp. Very high fecundity was observed at the most distant stations south and southeast of the pulp mdls (Fig. 8 ) . In contrast to survey A , females in survey C were extremely small, and a negative effect on fecundity was observed. Stns C6 and C7 near the aluminum smeltery showed lower fecundity as compared to Stns C8 and C5 (p i 0.0001) and reference stations in the Bothnian Sea (Fig. 8) . No correlation between fecundity and organic content of the sedirnents was found at investigated stations. Comparatively low fecundity was observed at some stations in both surveys C and B with extremely high organic content of the sedirnents (probably depending on rich occurrence of green macrophytes, B8), indicating that this rough measure alone cannot explain the fecundity. Rate of embryo development was not influenced by the industrial effluents and the developmental stages of embryos did not differ between recipient stations and references. Further, the stage of embryo development did not differ between the areas despite the differences in latitudinal positions, indicating that mating and fertilization occurred at the same time in different parts of the Baltic.
DISCUSSION
Results presented here and in an earlier study of an oil spill (Elmgren et al. 1983 ) have shown the usefulness of malformed embryos of Monoporeia affinis as a so-called 'biomarker' in pollution monitoring. The biomarker approach was initially developed to chart the responses of individual organisms to increasing pollutant exposure and stress (Depledge et al. 1992 ). The use of these 'biomarkers' to evaluate pollution hazards has increased markedly in the past few years. Various definitions of biomarkers have been proposed, but we have used the definition by Depledge (1994) 'a biological response to a chemical or chemicals that gives a measure of toxic effect'.
Different anomalies and deformities of both invertebrates and fish have been used in the assessment of contaminated areas and increased levels of deformities in the lnenta of chironomid larvae have been observed in polluted fresh waters (Wiederholm 1984 , Warwick 1988 , Vermeulen 1995 , Dickman & Rygiel 1996 . However, with the exceptions of studies by Dickman & Rygiel (1996) and Bleeker et al. (1997) , the chironomid deformities have not been experimentally induced in laboratory experiments with xenobiotics. Bird et al. (1995) observed high frequencies of deformities in 4 of 5 reference lakes. The various levels in reference lakes elucidate how important it is that before emphasizing different biological effects observed in ecosystems as an index of environmental degradation, it is necessary to consider the natural background levels of the variables. However, today a great effort is put into experiments that will lead to improved understanding of the induction mechanisms of chironomid deformities and to a refinement of their use in biomonitoring.
Embryonic development of Monoporeia affinis follows the pattern for other amphipods
Normal embryonic development
The normal embryonic development of Monoporeia affinis-as far as can be judged from the literaturefollows the pattern known for other amphipods (Bregazzi 1973 , McCahon & Pascoe 198813, Lalitha et al. 1991 . The main reason for describing the embryonic development of M. affinis was to facilitate the use of the embryo variables in field studies of sediment toxicity. It is hoped that this strategy of analyzing the frequency of malformed embryos still present in the marsupium of females can also be used for other amphipods in the in situ assessment of marine pollution and that the stage description for M. affinis embryos and their photographic documentation will facilitate such studies.
Normal variation of embryonic aberrations
Between 2 and 6 % malformed, 0 and 5 % undifferentiated and 0 and 6% dead eggs and embryos were found in reference areas of the northern Baltic proper and the Bothnian Sea. Information in reported papers about a n aberrant embryonic development of amphipods is very limited (Langenbeck 1898, Roux 1933 , Segerstrale 1937 , Weygoldt 1958 , Rappaport 1960 , Ward 1985 , Steele & Steele 1986 , McCahon & Pascoe 1988b , Scholtz 1990 , Lalitha et al. 1991 . Bregazzi (1973) reported unfertilized eggs occasionally occurring in the broods of the amphipod Tryphosella kergueleni and Sheader & Chia (1970) observed 27 % 'diseased' broods of the amphipod Marinogammarus obtusatus around a sewer pipe. A few papers have reported frequencies of embryonic malformations in control series and reference areas of usually the same magnitude as in the Baltic Sea (Dixon 1983 , Dixon & Pollard 1985 , Beiras & His 1994 . Since even reference areas in the Baltic are slightly contaminated, it is impossible to separate possible effects of low-level pollution from 'normal' aberration due to e.g. spontaneous mutations, but considering data in the cited literature it is suggested that our frequencies reflect the normal variation of the embryo aberrations in Baltic coastal areas.
Higher frequencies of malformed embryos in the recipient areas
The highest frequencies of malformed embryos were observed near the aluminum smeltery (industry C), where high concentrations of PAHs were measured in settling particulate matter, bottom sediments and the sediment-dwelling bivalve Macoma balthica (Naf et al. 1994) . PAHs have been reported as toxic to crustaceans and effects on growth, development time and reproductive output have been observed (Neff 1985 , Geiger & Buikema 1992 . Since pulp mills north of the recipient aera might also have contributed to the observed effects, it is impossible to distinguish the separate effects of PAHs. However, as compared to effects recorded in pulp mill recipient areas, the observed effects on embryogenesis are high. A fish survey performed half a year later in the area showed an increased level of DNA adducts in livers of perch. The adduct pattern showed the specific fingerprint of PAHs (Ericson et al. 1998) .
Lack of amphipods at Stn A0 resulted in the more distant location of sampling sites in survey A as compared to survey B. Despite different processing techniques at the pulp mills, the impact was similar, particularly when considering the distances to the mills. Bleached kraft mill effluents (BKME) have caused the disappearance of benthic invertebrates and a higher incidence of embryo malformations and fish diseases (Sundelin 1988 , 1989 , Sodergren et al. 1993 , Sundelin & Enksson 1996 . Kankaanpaa et al. (1995) reported reduced swimming activity of Monoporeia affinis when exposed to BKME containing 8.3 mg g-' organic chlorine expressed as adsorbable organic halogen (AOX).
A weaker correlation between enlarged embryos and the industrial effluents
Extremely high frequencies of enlarged embryos were observed outside industry A in the Bothnian Sea with a bleaching process. High frequencies were also observed outside the pulp mills in the Bothnian Bay. The lowest frequencies were found outside the aluminum smeltery (survey C), showing nearly background levels, which is somewhat surprising considering the nearby pulp mills north of the recipient area. Further, I. recipient station in survey B showed very low frequencies of enlarged embryos, indicating a more vague connection to the industrial effluents for thls damage than for malformations.
Undifferentiated and dead embryos did not increase near the industries
For undifferentiated and dead eggs there is no obvious correlation with the industrial effluents. With the exception of Stn B4, all recipient stations showed comparatively low frequencies of dead eggs per female. Results from the monitoring programme in the Baltic proper have shown a correlation between oxygen concentrations in bottom water and females with entirely or partly dead broods (Cederwall et al. 1998) . Oxygen depletion was the main factor affecting the benthos near pulp mills 10 to 20 yr ago, but substantial decreases in total wastewater and chemical oxygen demand (COD) discharges in effluents of Swedish pulp mills during the last 10 yr have resulted in improved oxygen conditions in sediments of pulp m111 recipient area, and all stations were oxidised in the surface sediment layer.
Effects on fecundity differ with the type of industrial effluents Different effects on fecundity were observed outside the industries. The significantly higher fecundity observed near pulp mill A was not recorded in survey B. Larger females were found near m~l l A and the positive effect on fecundity is suggested simply to depend on larger female body size. In addition to its toxic effects, RKME is growth-stimulating to Monoporeia affinis. In the laboratory, 0.54; BKME added to sediments sampled close to the mill increased growth and survival of amphipods, while the frequency of malformed embryos increased ( S u n d e h 1989). The positive effects on fecundity by effluents of pulp mill A were not recorded outside mill B, producing unbleached pulp. However, there are no reported surveys showing growth-stimulating properties of effluents from nonbleaching processes.
In contrast lower fecundity of Monoporeia affinis was observed at Stns C6 and C7 close to the sites where Naf et al. (1994) reported concentrations of 210 pg g-l PAHs (dry wt) in the sediment. At these sltes, females were extremely small. Since amphipod fecundity (Samter & Weltner 1904 , Cederwall 1977 , Kolding & Fenchel 1981 , Leonardsson et al. 1988 ) is closely correlated to size, it is suggested that growth has been affected. As the organic content of sediment was comparatively high, food shortage is unlikely. Ericson et al. (1998) reported decreased growth of perch in the area. PAHs have been reported to affect growth, feeding rate and development (Neff 1985 , Geiger & Buikema 1992 , Carman et al. 1995 , Lotufo 1997 .
Usage of reproduction variables as biomarkers to assess effects of chemical pollutants Increased sensitivity to pollutants during the reproductive period of many crustaceans has been reported (Buikema & Benfield 1979) and sexually mature females and ovigerous females were particularly sensitive (McCahon & Pascoe 1988a, b) . Embryogenesis is often the period in the life cycle of organisms most sensitive to adverse conditions (Olsson et al. 1990 , EPA 1991 . Embryos and larvae of invertebrates have often been used in toxicity tests on account of their sensitivity (Calabrese & Nelson 1974 , Calabrese et al. 1977 , Marshall 1978 , Pagano et al. 1982 , Ringwood & Brouwer 1995 , Wong et al. 1995 , Timmermans et al. 1996 . However, most papers only report effects on survival and growth of the early life stages. When deformations are recorded, they are usually not highlighted and the type and frequency of embryonic malformation are seldom used for monitoring effects of pollutants. An exception is the study by Lee et al. (1996) , who found deformed eyespots and reduced hatching of embryos of the blue crab during exposure to cadmium, copper, tributyltin and endosulfan.
Despite the substantial literature about toxic effects on reproduction of crustaceans and other benthic invertebrates in the laboratory there are very few stud-ies on reproduction disturbances caused by chemicals in the field (Davey et al. 1983) . One reason 1s the difficulty of establishing causal relationships when manipulations cannot be done. Another reason is the choice of variables, which often do not respond exclusively to anthropogenic pollutants. Most studies reviewed by Davey et al. (1983) use counts of number of individuals or number of eggs per brood in a polluted compared to a control area and particular attention has been paid to whether a given organism produces a few large or many small eggs (Clarke et al. 1985) . Such data do not in themselves say anything about reproductive processes. So far little interest has been focused on fertilization success and embryonic development when dicussing mechanisms determining population dynamics. Birge et al. (1980) suggest that a survival decrease of about 10% during the embryogenesis or the larval stage would significantly affect population dynamics in natural communities. Sheehan (1984) suggests, on the basis of the results of Birge et al. (1977 Birge et al. ( , 1978 Birge et al. ( , 1980 and Cooke (1981) , that monitoring the number of abnormal larvae or embryos in contaminated aquatic ecosystems may provide an estimate of the severity of environmental stress. Dixon & Pollard (1985) reported that the frequency of abnormal embryos in the marsupium of the periwinkle Littorina saxatilis reflects the degree of anthropogenic stress to which populations have been exposed. The behaviour of amphipods and other species that carry their batch of eggs in the marsupium during embryogenesis greatly facilitates assessment of the effects on reproduction as compared to most fish species (pelagic fertilization) and mussels (pelagic embryogenesis). Our results indicate that the frequency of malformed embryos still present in the marsupium of females is a highly toxicant-sensitive variable and thus suitable for monitoring contaminated sediments.
CONCLUSIONS
The observed frequencies of aberrant embryos in the reference areas of the Baltic are suggested to reflect the normal, background level.
The frequencies of malformed embryos were higher near industrial pollution sources as compared to reference stations, indicating that industrial effluents were responsible for the increase. The frequency of malformed embryos was also elevated when other reproduction variables such as fecundity, reproduction success, developmental stage of embryos as well as population variables such as abundance and biomass of both macrofauna and meiofauna were unaffected (Sundelin 1992) , suggesting frequency of the malformation is a variable particularly sensitive to pollutants. A significant increase of abnormal embryos will result in impaired reproduction success, which may be impossible to detect by analysing other, more pollutantinsensitive variables. Thus, by analysing the number of n~alforn~ed embryos of Monopor-eia affinls we can provide an early warning that populations are at risk.
Enlarged embryos with oedema occurred more frequently near pulp and paper mills, particularly near the pulp mill with a bleaching stage, but the variable showed a weaker correlation with the industrial effluents than malformed embryos. Further, in contrast to malformed embryos, hatching success of these embryos was not decreased in comparison with controls. Thus, this effect seems to be of minor importance for embryo survival and gives llmited information about effects on populations.
Other embryo variables, such as undifferentiated and dead eggs, did not correlate to the industrial effluents, suggesting that causes other than xenobiotics were responsible for these reproductive losses.
The embryo developn~ent of A4onoporeia affinis follows a pattern similar to that of related amphipods, and the description of the stages of embryonic development of M. affinis given here may facilitate similar studies on other amphipod species. The strategy of analyzing the frequency of malformed embryos still present in the marsupium of females in the in situ assessment of marine pollution might be witable for all species carrying their broods.
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